Bacteria in nature are most frequently encountered not as free-swimming organisms but as surface-attached communities known as biofilms (5) . Organisms residing within biofilms possess a number of advantages over their free-swimming or planktonic counterparts, including increased resistance to adverse environmental conditions and antibacterial agents. The ubiquity of biofilm development can cause significant problems in the areas of public health (30, 37) , medicine (11, 18, 22) , and industry (4, 23) . Accordingly, there has been a great deal of research to better understand biofilm development and to identify improved strategies for biofouling control.
Recent work in this area has focused on the role of cell-tocell signaling within biofilm populations. It is now believed that many different types of bacteria are able to produce and respond to various hormone-like signal molecules (8) . A particular subset of these molecules, the acylated homoserine lactones (acyl HSLs), have been shown to be involved in biofilm formation and dispersal with Pseudomonas aeruginosa (7) . This finding suggests that interference with acyl HSL-based signaling may provide a novel mechanism for biofilm control.
In fact, natural systems that exploit this biofouling control strategy already exist. The marine alga Delisea pulchra produces halogenated furanone compounds that interfere with acyl HSL-based signaling systems and thus discourage biofilm formation on the seaweed surface (12, 13) . These furanones are analogs to naturally occurring acyl HSL signal molecules and appear to act as competitive inhibitors to acyl HSL signal receptor proteins (21) . Other marine organisms must also find ways to deal with biofilm formation on their surfaces (32) . A number of seaweeds appear to use haloperoxidases for this purpose (40, 41) . Haloperoxidases catalyze the oxidation of bromide and/or chloride with hydrogen peroxide to produce the microbicidal compound hypobromous acid (HOBr) or hypochlorous acid (HOCl), respectively. Haloperoxidase-based antimicrobial systems have also been found elsewhere in nature (2, 15, 28, 31, 38) , including in the eosinophil population of mammalian leukocytes (10, 17, 19, 35, 39) .
Oxidized halogen compounds are also widely used to control biofouling in industrial and potable water systems. In fact, the strategy of using stabilized halogen antimicrobials has recently been imitated for industrial microbial fouling control applications (6, 24, 25) . Stabilized halogen antimicrobials have been shown to more effectively penetrate and disinfect biofilms than free halogen (14) .
Since HOCl and HOBr are highly toxic to a wide variety of microorganisms, it is generally accepted that these compounds control biofilm through a biocidal mechanism or by oxidation of biofilm components. To date, no reports have been published that acyl HSL molecules are susceptible to attack by oxidized hypohalite and stabilized hypohalite antimicrobials. This study was conducted to investigate the possibility of oxidized halogens to react with acyl HSL-based signaling molecules, potentially disrupting bacterial cell-to-cell communication. Experiments were also conducted to determine if haloperoxidase systems from the brown alga Laminaria digitata was capable of mediating this reaction.
MATERIALS AND METHODS
Reagents. Acyl HSLs were obtained from Quorum Sciences (Coralville, Iowa). Stock solutions (2.3 mM) were prepared by dissolving the appropriate amount of acyl HSL in ethanol and diluting it with deionized water to a final ethanol concentration of 10% for hexanoyl and 3-oxo-hexanoyl HSL and 50% for dodecanoyl and 3-oxo-dodecanoyl HSL. All experiments were conducted with equivalent levels of ethanol (including control samples) to compensate for any effect resulting from the ethanol alone. Clorox bleach (Clorox, Oakland, Calif.) was used as a source of sodium hypochlorite. STABREX biocide (ONDEO Nalco, Naperville, Ill.) was used as a source of stabilized sodium hypobromite. Oxidized halogen concentrations of these solutions were determined by iodometric titration (1). Stock solutions were prepared in distilled water to a final concentration of 14.1 mM (1,000 ppm as Cl 2 ). Reagents for the DPD (N,N-diethylphenylenediamine) test were obtained from Hach Company (Loveland, Colo.). This test is frequently used to determine the level of halogen antimicrobials in industrial and potable water systems.
Reaction of oxidized halogens with acyl HSL signal compounds. To study potential reactions between oxidized halogens and acyl HSLs, a solution of approximately 0.14 mM (10 ppm as Cl 2 ) oxidized halogen (sodium hypochlorite or stabilized sodium hypobromite) was prepared in 10 ml of 0.1 M sodium phosphate buffer at pH 6 or in synthetic cooling water (1.5 mM CaCl 2, 0.8 mM MgSO 4, 2.2 mM NaHCO 3 ) at pH 8.3. Precise initial halogen concentrations were determined by removing a 1-ml aliquot, diluting it with 9 ml of deionized water, and assaying for total halogen by the standard DPD colorimetric method (1) . The oxidant concentrations were chosen to approximate the conditions that might be found in an actual industrial or natural system while still allowing for accurate measurement of the halogen (6) . The reaction was initiated by adding acyl HSL to a final concentration of 0.05 mM. The reaction was followed by removal of 1-ml aliquots over time, dilution of them 5-or 10-fold in deionized water, and measurement of the total halogen level with the DPD test.
To examine the effect of halogen-mediated reactions on acyl HSL activity, either sodium hypochlorite or stabilized sodium hypobromite was added to 10 ml of a buffered solution (0.1 M sodium phosphate [pH 6] or synthetic cooling water [pH 8.3]) of acyl HSL (either hexanoyl HSL or 3-oxo-hexanoyl HSL). Final concentrations were 0.05 mM for the acyl HSL compound and 10 ppm as Cl 2 for the oxidized halogen. At various time points, 90-l aliquots were removed from this reaction mixture and added to 10 l of 10% sodium bisulfite in order to quench the reaction by inactivating unreacted oxidized halogen compounds. The quenched solution was then assayed for acyl HSL activity.
Acyl HSL activity assays. Acyl HSL activity was monitored with the Chromobacterium violaceum CV026 assay (3). Expression of the purple pigment violacein by C. violaceum is regulated by N-hexanoyl-L-HSL. The C. violaceum CV026 strain is a double mini-Tn5 mutant that does not independently produce the pigment. However, in the presence of extracellular HSLs (i.e., from other organisms or in growth medium), the production of the pigment can be restored. To monitor the degradation of HSL, C. violaceum CV026 was streaked on Luria-Bertani (LB) agar plates, and 15 l of the test solution was dropped next to the streak. Plates were incubated at 30°C for 24 to 48 h and examined for pigment production. Pigment production was ranked (versus that of a positive control) from 4 (much pigment-same as control) to 0 (no pigment).
Acyl HSL activity was also monitored by using the Agrobacterium tumefaciens cross-feeding assay (33) . A. tumefaciens A136 (33) was streaked on LB agar overlaid with 40 l (20 mg/ml) of X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside), and 15 l of the test solution was dropped next to the streak. Plates were incubated at 30°C for 24 to 48 h and examined for pigment production.
L. digitata oxidation deactivation of 3-oxo-hexanoyl HSL. Fresh samples of L. digitata were shipped on ice from Newfoundland, Canada (All Material Products, Inc., Isle Aux Morts, Newfoundland, Canada). Samples of this marine alga were maintained and testing was conducted in synthetic seawater (Instant Ocean, Aquarium Systems, Mentor, Ohio) at pH 8.3. Testing was conducted immediately after the algal samples were received. The production of HOBr was monitored by the procedure outlined by Wever et al. (40) . Thirty grams of L. digitata frond were placed in 100 ml of synthetic seawater supplemented with 2 mM H 2 O 2 , 100 mM KBr, and 20 M phenol red (or combinations thereof). The formation of HOBr was monitored by the oxidation of the phenol red to bromophenol blue. The bromophenol blue concentration was measured at 592 nm at 30, 60, 120, and 180 min.
Separate experiments were conducted to determine whether the haloperoxidase system within L. digitata is capable of mediating the deactivation of acyl HSLs. These experiments were conducted in synthetic seawater (100 ml) supplemented with 100 mM KBr and containing 5 ppm of 3-oxo-hexanoyl HSL. The three test conditions were (i) 2 mM H 2 O 2, (ii) 30 g of L. digitata frond, and (iii) 2 mM H 2 O 2 with 30 g of L. digitata frond. A control containing no additions was also included. Acyl HSL activity was monitored over time (0, 30, 60, 120, and 180 min) by removing 15-l aliquots of the test solutions for use in the previously described C. violaceum activity assay.
Reactions between acyl HSLs and oxidized halogens in the presence of biofilm components. Biofilms were grown on glass slides suspended in a flask filled with 250 ml of synthetic cooling water that was inoculated with Pseudomonas aeruginosa. The flask was dosed with 0.5 ml of tryptic soy broth daily, and following 7 days of growth, the biofilm was scraped from two glass slides into 5 ml of sterile synthetic cooling water. The 3-oxo-hexanoyl HSL was added to this solution to a final concentration of 0.05 mM, and potential reactions with halogen were initiated by adding stabilized sodium hypobromite to a final concentration of 10 ppm as Cl 2 . A control was taken prior to addition of stabilized hypobromite, and the reaction was sampled at 5 min. Solutions were assayed for the halogenated acyl HSL reaction product by using a previously published high-performance liquid chromatography (HPLC) methodology (27) . The liquid chromatograph consisted of a Waters (Milford, Mass.) 600E pump, 717 Plus autosampler, and 996 diode array detector; a PE Nelson (Cupertino, Calif.) Turbochrom Client/ Server data system; and Agilent (Wilmington, Del.) Zorbax SB-CN guard (5 cm by 4.6 mm) and analytical (25 cm by 4.6 mm) columns (5-m-diameter particles). The mobile phase was prepared with HPLC-grade acetonitrile, reagent-grade concentrated phosphoric acid (EM, Gibbstown, N.J.), and water purified with a Millipore (Bedford, Mass.) cartridge system. The exact running conditions involved a premixed mobile phase of 10% (vol/vol) acetonitrile acidified with 5 mM phosphoric acid, an injection volume of 100 l, and an UV detection wavelength of 200 nm. Prior to analysis, samples were filtered with 0.45-m-pore-diameter Millipore Millex filters.
RESULTS
Reaction of oxidized halogens with acyl HSL signal compounds. The potential for halogen biocides to react with acyl HSL signaling molecules was first tested with the DPD colorimetric assay. The acyl HSL molecules tested included hexanoyl HSL, 3-oxo-hexanoyl HSL, dodecanoyl HSL, and 3-oxododecanoyl HSL (43) . Previous work has shown that 3-oxododecanoyl HSL is important in P. aeruginosa biofilm formation (7). Oxidized halogen consumption over time as a result of added acyl HSL is shown in Fig. 1 . This experiment was conducted in synthetic cooling water at pH 8.3. When the experiment was conducted in phosphate buffer at pH 6, the reaction occurred at a slightly slower rate. It was found that acyl HSL compounds containing a 3-oxo moiety reacted very rapidly with both HOCl and stabilized HOBr. The amount of Fig. 1 , the oxidant level does not fall to zero because of an excess of oxidant in the assay. However, in a separate experiment with excess 3-oxo acyl HSL, all of the oxidant was consumed (data not shown). Acyl HSLs lacking the 3-oxo group consumed very little oxidized halogen. The small amount of consumption observed was found to be due to the ethanol present in acyl HSL stock solutions. The same amount of consumption was noted in control reactions with a blank ethanol solution containing no added acyl HSL.
Effect of oxidized halogen antimicrobials on acylated HSL activity.
The preceding experiments demonstrated that a reaction occurs between oxidized halogen antimicrobials and 3-oxo-acyl HSL molecules (indicated by consumption of the oxidized halogen). Further experiments were necessary to determine how the activity of the signal molecules was affected by this reaction. The C. violaceum bioassay was used to study acyl HSL activity. Since HSLs with acyl chains of greater than nine carbons are not detected by this assay (3), it was not possible to test for inactivation of dodecanoyl and 3-oxo-dodecanoyl HSLs by this method.
The results of the C. violaceum CV026 activity assay for reaction of HOCl with hexanoyl and 3-oxo-hexanoyl HSL are shown in Fig. 2 . This assay was conducted in phosphate buffer at pH 6. The slower reaction time at pH 6 (versus that at pH 8.3) allows for the loss of activity to be illustrated over time. When the same reaction is conducted at pH 8.3, the C. violaceum CV026 activity assay shows a complete loss of activity within 1 min. The pigment production by C. violaceum CV026 indicates the presence of the acyl HSL; therefore, the lack of pigment production would be an indication of acyl HSL deactivation. In agreement with the oxidized halogen measurement (Fig. 1) , these results illustrated that 3-oxo-hexanoyl HSL activity was rapidly destroyed, while hexanoyl HSL activity was unaffected. Similar results were observed for the stabilized HOBr reaction with these acyl HSLs. The same results were also observed with the Agrobacterium tumefaciens acyl HSL reporter bioassay (data not shown) (33) .
L. digitata oxidation deactivation of 3-oxo-hexanoyl HSL. As described in previous studies (40) , bromoperoxidase from the brown alga L. digitata can catalyze the oxidation reduction reaction of bromide to HOBr in the presence of H 2 O 2 . L. digitata and H 2 O 2 must both be present for a significant level of HOBr to form (measured as the oxidation of phenol red to bromophenol blue by the produced HOBr). These results are clearly shown in Fig. 3 . In the control sample and under test conditions with H 2 O 2 alone, no oxidation of phenol red is observed. In test samples containing the brown algae alone, only a very slight oxidation of phenol red to bromophenol blue is observed. This may be an indication of H 2 O 2 production by the algae resulting in a slight conversion of the phenol red to bromophenol blue. Finally, under test conditions with samples containing both L. digitata and H 2 O 2 , a significant oxidation of the phenol red to bromophenol blue occurs.
A separate set of experiments were conducted to determine if naturally produced HOBr would deactivate acyl HSLs. The experimental setup for these studies was similar to that described above, with the exception that 5 ppm 3-oxo-hexanoyl HSL was added to the test solutions in place of phenol red. The loss of activity of the 3-oxo hexanoyl HSL (determined with the C. violaceum CV026 activity bioassay) by reaction with the oxidized halogen produced by L. digitata is summarized in Table 1 . Degradation of 3-oxo hexanoyl HSL in the control sample was very slow. The degradation was also slow in samples containing only algae or only H 2 O 2 . This was not surprising, because, as the experiments above (Fig. 3) demonstrated, there was little to no HOBr produced under such conditions. As previously stated, the acyl HSL molecule itself will break down slowly in solution, especially under alkaline conditions (as seen in the control). This was found to be due to hydrolysis of the lactone ring (27) . However, the sample that contained both the brown algae and the H 2 O 2 demonstrated a significant increase in the degradation of the 3-oxo hexanoyl HSL as monitored by the C. violaceum CV026 bioassay. As noted in Fig. 3 , significant levels of HOBr would be produced under such conditions. Therefore, the alga-produced HOBr did deactivate the 3-oxo-hexanoyl HSL (Table 1) .
Reactions between acyl HSLs and oxidized halogens in the presence of biofilm components. It could be argued that a reaction between oxidized halogen antimicrobials and trace levels of 3-oxo-HSL would not be expected to occur in a biofilm matrix with high levels of biofilm components. If biofilm components are the preferred reactant for oxidized halogens, little or no loss of a signal molecule would be observed. However, when the 3-oxo acyl HSL reaction was carried out in the presence of biofilm, the halogenated acyl HSL reaction products were detected. Figure 4 presents overlaid liquid chromatograms of a 0.05 mM 3-oxo-hexanoyl homoserine lactone prereaction control and the reaction with stabilized hypobromite in a P. aeruginosa biofilm medium buffered at pH 8.3. The chromatographic traces illustrate how the 3-oxo-HSL is completely converted to the dibrominated products DBEHL and hyd-DBEHL (27) . Peaks eluting at or near the void volume of the chromatographic system at 2.5 min are biofilm components and antimicrobial. Therefore, the reaction between the 3-oxoHSLs can occur even under conditions in which biofilm components are present at much higher concentrations than the acyl HSL levels. 
DISCUSSION
Oxidized halogens are used extensively for microbial control in both natural and industrial systems. It is generally believed that the efficacy of these compounds is entirely a result of their biocidal activity and reactivity with biofilm components, such as extracellular polymeric substances. However, experience has shown that biocidal activity does not necessarily correlate with biofilm dispersal. It is well known that many biocides can kill bacteria within biofilms without causing any significant biofilm removal (9) . Hypohalous acids, however, have been observed to induce dispersal of biofilm in addition to their cidal effects (14, 20, 36) . It is hypothesized here that the reason for this phenomenon is that these antimicrobials are capable of attacking acyl HSL signal compounds.
The results presented in this study demonstrate that oxidized halogen antimicrobials rapidly react with 3-oxo-acyl HSLs at dilute concentrations. Upon reaction, measurement of oxidized halogen reveals that two molecules of hypohalous acid are consumed for every molecule of 3-oxo-acyl HSL. Furthermore, such reactions were shown to eliminate the ability of the signal molecule to function properly as a cell-to-cell signal. Acyl HSLs not possessing the ␤-keto functionality were not affected by oxidized halogens under the conditions employed in this study.
Further work has shown that 3-oxo-acyl HSLs, as well as other ␤-diketone-like compounds, are susceptible to attack by halogen oxidants at the ␣-carbon position between the two carbonyls. The ␣-carbon is rapidly dihalogenated and is subsequently hydrolyzed at the pH values tested. The ultimate products of the reaction are a dihalogenated acyl HSL and a carboxylic acid (27) .
The deactivation of acyl HSL signaling molecules by halogen antimicrobials may be a natural method for biofilm control. Previous work by Wever et al. (40) , partly repeated in this study, demonstrates that the brown alga L. digitata produces HOBr acid. The formation of this oxidized halogen antimicrobial is catalyzed by bromoperoxidase in a redox reaction that occurs in the presence of bromide and H 2 O 2 . In the natural environment, bromide is found in seawater and H 2 O 2 is produced by L. digitata. The function of the HOBr produced by the brown algae is not completely understood. One hypothesis is that H 2 O 2 is produced by the algal cells during photosynthesis and is removed as waste via peroxidase activity (29) . Another, more likely hypothesis is that the HOBr produced by the seaweed may act as a defense mechanism against microorganisms that would colonize the surface of the plant (29) . HOBr is a strong antimicrobial agent that can inhibit biofilm formation through a cidal mechanism. The authors of this paper hypothesize that deactivation of acyl HSL cell-to-cell signaling molecules by halogen antimicrobials may be an alternate defense mechanism. Work reported here demonstrates that the HOBr produced by the algae can deactivate 3-oxo-acyl HSL molecules.
Hypohalous acids are known to react with a variety of biopolymers that are present in biofilms (16, 42) . Therefore, one might predict that the reaction of oxidized halogen with biofilm components would predominate over reactions with acyl HSL signal molecules. However, preliminary investigations have indicated that oxidized halogens react much more rapidly with 3-oxo-acyl HSLs than with typical polysaccharide biofilm components such as alginate (data not shown). Furthermore, when reactions between acyl HSL and stabilized HOBr are carried out in the presence of biofilm components, the halogenated acyl HSL reaction products are detected (Fig.  4) . Therefore, such reactions proceed despite the much higher concentration of biofilm components compared to the acyl HSL levels.
This study demonstrates that oxidized halogen compounds can react with and inactivate 3-oxo-acyl HSL signal compounds. Is this a significant mechanism by which biofilm can be controlled, or is it merely a reaction that happens to occur under experimental conditions? The rapidity of the reaction at dilute concentrations along with the increasing number of organisms found to employ acyl HSL-based signaling systems suggests that this could be a relevant reaction in natural and industrial microbial control. As stated earlier, the 3-oxo-acyl HSL produced by P. aeruginosa (3-oxo-dodecanoyl HSL) is believed to be responsible for biofilm differentiation (7) . Recently it has been suggested that the other HSL produced by P. aeruginosa, butyryl HSL (which lacks the 3-oxo functionally), may be important in biofilm dispersal (D. Davies, Symposium 192/Q, 99th Gen. Meet. Am. Soc. Microbiol., 1999). If this is indeed true, then the results presented here demonstrate that oxidized halogens are able to influence biofilm development by selectively inactivating 3-oxo-dodecanoyl HSL, creating an excess of butyryl HSL, which could encourage biofilm dispersal. This hypothesis requires further investigations, which are currently in progress.
Natural biofilms, however, are most frequently comprised of a consortium of microbial species; therefore, the usefulness of such reactions toward inhibiting biofilm development may be dependent on the extent to which microorganisms in addition to P. aeruginosa rely on acyl HSLs for cell-to-cell communication. Recent literature suggests that acyl HSL-based signaling systems are widespread in gram-negative bacteria (34) . Furthermore, acyl HSLs have been detected in naturally occurring biofilms (26) . Considering this and the fact that higher organisms such as D. pulchra are known to inhibit biofouling by interfering with acyl HSL-based signaling (21) , it is suggested that halogen-mediated deactivation of 3-oxo acyl HSLs may represent an alternate biofouling control strategy.
